ABSTRACT: Translocation of RNA polymerase on DNA is thought to involve oscillations between pretranslocated and posttranslocated states that are rectified by nucleotide addition or pyrophosphorolysis. The pretranslocated register is also a precursor to transcriptional pause states that mediate regulation of transcript elongation. However, the determinants of bias between the pretranslocated and posttranslocated states are incompletely understood. To investigate translocation bias in multisubunit RNA polymerases, we measured rates of pyrophosphorolysis, which occurs in the pretranslocated register, in minimal elongation complexes containing T. thermophilus or E. coli RNA polymerase. Our results suggest that the identity of RNA:DNA nucleotides in the active site are strong determinants of susceptibility to pyrophosphorolysis, and thus translocation bias, with the 3′ RNA nucleotide favoring the pretranslocated state in the order U > C > A > G. The preference of 3′ U vs G for the pretranslocated register appeared to be universal among both bacterial and eukaryotic RNA polymerases and was confirmed by exonuclease III footprinting of defined elongation complexes. However, the relationship of pyrophosphate concentration to the rate of pyrophosphorolysis of 3′ Ucontaining versus 3′ G-containing elongation complexes did not match predictions of a simple mechanism in which 3′-RNA seqeunce affects only translocation bias and pyrophosphate (PPi) binds only to the pretranslocated state. C ellular gene expression in all free-living organisms relies on evolutionarily conserved, highly regulated, multisubunit RNA polymerases (RNAPs). During transcription, synthesis of the RNA transcript requires stepping the DNA template strand through the RNAP active site one nucleotide (nt) at a time in a process called translocation (recently reviewed in refs 1 and 2). Translocation is one of four steps in a nucleotide addition cycle (NAC; Figure 1 ) that also includes NTP binding, catalysis, and pyrophosphate (PPi) release. At the beginning of the NAC, the RNA 3′ nt is in the i + 1 subsite of RNAP, corresponding to the pretranslocated register of the elongating complex (EC). Translocation of DNA through RNAP generates the posttranslocated register, positions the RNA 3′ nt into the product (P) or i subsite, and opens the i + 1 (A) subsite to bind the incoming cognate NTP complexed with Mg 2þ II. Catalysis occurs by alignment of the phosphate of the bound NTP with the RNA 3′ OH upon formation of a three-helix bundle in the active site consisting of the trigger helices (TH; which form from the trigger loop; TL) and the bridge helix (BH). TH-NTP contacts facilitate an S N 2 nucleophilic reaction in which a trigonal-bipyramidyl transition state is stabilized by two catalytic Mg 2þ ions. 3 This reaction extends the RNA transcript by one nt and generates PPi, the release of which leaves the EC in the pretranslocated register ready for the next round of nucleotide addition. The NAC is reversible at high PPi concentration. Although the basic features of the NAC are established, the order in which translocation occurs relative to NTP binding and PPi release, which step is rate-limiting, and the path of NTP loading remains uncertain and under study.
C ellular gene expression in all free-living organisms relies on evolutionarily conserved, highly regulated, multisubunit RNA polymerases (RNAPs). During transcription, synthesis of the RNA transcript requires stepping the DNA template strand through the RNAP active site one nucleotide (nt) at a time in a process called translocation (recently reviewed in refs 1 and 2). Translocation is one of four steps in a nucleotide addition cycle (NAC; Figure 1 ) that also includes NTP binding, catalysis, and pyrophosphate (PPi) release. At the beginning of the NAC, the RNA 3′ nt is in the i + 1 subsite of RNAP, corresponding to the pretranslocated register of the elongating complex (EC). Translocation of DNA through RNAP generates the posttranslocated register, positions the RNA 3′ nt into the product (P) or i subsite, and opens the i + 1 (A) subsite to bind the incoming cognate NTP complexed with Mg 2þ II. Catalysis occurs by alignment of the phosphate of the bound NTP with the RNA 3′ OH upon formation of a three-helix bundle in the active site consisting of the trigger helices (TH; which form from the trigger loop; TL) and the bridge helix (BH). TH-NTP contacts facilitate an S N 2 nucleophilic reaction in which a trigonal-bipyramidyl transition state is stabilized by two catalytic Mg 2þ ions. 3 This reaction extends the RNA transcript by one nt and generates PPi, the release of which leaves the EC in the pretranslocated register ready for the next round of nucleotide addition. The NAC is reversible at high PPi concentration. Although the basic features of the NAC are established, the order in which translocation occurs relative to NTP binding and PPi release, which step is rate-limiting, and the path of NTP loading remains uncertain and under study. 1, 2 Translocation is thought to bear features of a thermal ratchet mechanism in which RNAP can oscillate between the pre-and posttranslocated registers, with the bias between registers determined by their relative stabilities and the net motion of DNA through RNAP resulting from nucleotide addition or pyrophosphorolysis.
2,4−6 However, the elemental rates of forward and reverse translocation, the effects of scaffold structure (e.g., RNA:DNA hybrid length) on translocation bias, and the sequence-specific effects of interactions between nucleic acid bases and RNAP side chains on translocation bias are unknown. 2 In the simplest form of this mechanism (Figure 1 ), translocation bias should affect the apparent binding affinities of NTP and PPi by dictating the fraction of time their binding sites are available. It also should determine susceptibility of the EC to transcriptional pausing, which plays many roles in the regulation of transcript elongation by multisubunit RNAPs. Although the mechanism of pausing remains under study, current proposals all identify the pretranslocated EC as the starting point for either (i) a structural isomerization in the EC that can be followed by reverse translocation (backtracking) or by other events that stabilize the paused EC, 7, 8 (ii) direct conversion to backtracked (paused) states, 9−11 or (iii) inhibition of conversion to the posttranslocated state by thermodynamic stability of the pretranslocated state. 12 The energetics of translocation bias during backtracking are better understood and are governed by the relative stabilities of the RNA:DNA hybrid and the transcription bubble in different translocation registers. 9, 13, 14 Translocation bias may also affect susceptibility to termination, which is thought to occur via either hypertranslocation without RNA synthesis or hybrid shearing, 15, 16 both of which should be easier from the posttranslocated state (although alternative, nontranslocational termination models also have been proposed 17, 18 ). Thus, understanding the nature of translocation bias is important not only to gain insight in the NAC but also to understand regulatory events like pausing and termination and the mechanisms of regulators like NusA and NusG that are proposed to alter translocational bias. 19, 20 We have investigated the contribution of hybrid length and scaffold sequence to translocation bias using sensitivity to pyrophosphorolysis, which can occur only from the pretranslocated register. 21 Initially, we eliminated contributions of the transcription bubble, upstream DNA, and upstream RNA using minimal scaffolds containing only the hybrid and downstream DNA ( Figure 2A ). We then extended the experiments to use full scaffolds, test contributions to translocation bias by exonuclease III footprinting, and remove the effect of the reverse reaction (nucleotide addition) by using apyrase to destroy NTPs generated by pyrophosphorolysis. Our findings suggest that the 3′ RNA dinucleotide sequence is a primary determinant of translocation bias and that the PPi concentration dependence of the pyrophosphorolysis reaction is inconsistent with the simple thermal ratchet model of the reaction.
■ MATERIALS AND METHODS

Materials.
All DNA and RNA oligonucleotides (Table S1) were obtained from IDT (Corvalville, IA) and purified by denaturing PAGE before use. [γ-32 P]ATP was from PerkinElmer Life Sciences, and NTPs were from GE Healthcare (Piscataway, NJ). Exonuclease III (100 000 U/mL), T4 polynucleotide kinase, and apyrase (50 units/mL) were obtained from New England Biolabs (Ipswich, MA).
Proteins. Core E. coli and T. thermophilus RNAPs were purified as described previously. 22, 23 Calf thymus RNAP was purified as described previously. 24 Yeast (Saccharomyces cerevisiae) RNA polymerase II was a generous gift from Dr. Yuichiro Takagi (Indiana University, Indianapolis, IN).
In Vitro EC Reconstitution. Nucleic acid scaffolds for reconstituting ECs were assembled in reconstitution buffer (RB; 10 mM Tris·HCl, pH 7.9, 40 mM KCl, 5 mM MgCl 2 ) by heating 5′-32 P-labeled RNAs (500 nM; Table S1 ), tDNAs (1 μM; Table S1 ), and ntDNAs (1 μM; Table S1 ) to 95°C for 2 min, rapidly cooling to 45°C, and then cooling to room temperature in 2°C/2 min steps as described previously. 25 Reconstitution of ECs was performed by incubating core RNAPs with the nucleic acid scaffold (2:1 RNAP:nucleic acid scaffold) in elongation buffer (EB; 25 mM HEPES-KOH, pH 8.0, 130 mM KCl, 5 mM MgCl 2 , 1 mM dithiothreitol, 0.15 mM EDTA, 5% glycerol, and 25 μg of acetylated bovine serum albumin/mL) for 15 min at 37°C as described previously. 25 When fully cDNA strands were used, RNA and tDNA were preannealed and Figure 1 . Nucleotide addition and pyrophosphorolysis cycle. Template DNA is shown in black, nontemplate DNA in blue, RNA in red, incoming nucleotide triphosphate and pyrophosphate in green, and Mg 2þ in yellow. One template/nontemplate position is colored orange to illustrate translocation. The EC alternates between pre-and posttranslocated states with the RNA 3′ nt in the i or i + 1 subsites, prior to NTP binding (step 1). NTPs enter the active site when the EC is posttranslocated (step 2). Catalysis (step 3) requires a rate-limiting conformational change in which the trigger loop folds into the trigger helices (not shown). Release of PPi (step 4) completes the nucleotide addition cycle. Pyrophosphorolysis is the reverse reaction of nucleotide addition. Since catalysis itself is reversible, net pyrophosphorolysis requires that the thermodynamic driving force of PPi conversion to NTP + RNA 1− exceed the conversion of NTP to PPi + RNA 1þ . Pyrophosphorolysis requires the EC be in the pretranslocated register, but whether PPi binding/release and translocation occur with obligate order is not established. A representative example of a minimal nucleic acid scaffold used in this study (yields EC8 AU ). *, 5′ 32 P. The color scheme for RNA and DNA is the same as in Figure 1A . The posttranslocated state is resistant to pyrophosphorolysis; the pretranslocated state is competent for pyrophosphorolysis, yielding UTP in this case. (B) ECs containing TthRNAP were assembled on four minimal nucleic acid scaffolds that differ only in the sequence shown above the gel panels. The time course of pyrophosphorolysis (0.5 mM PPi) at 60°C is shown, with the sizes of RNAs indicated. incubated with RNAP at 37°C followed by incubation with ntDNA for an additional 10 min at 37°C.
Biochemistry
Pyrophosphorolysis. Pyrophosphorolysis was performed by incubating reconstituted ECs (∼50 nM) with different concentrations of PPi in EB at 37°C for EcoRNAP, 60°C for TthRNAP, and 30°C for SceRNAPII and BtaRNAPII. Aliquots were removed at the indicated times and quenched with an equal volume of 2X stop buffer (8 M urea, 50 mM EDTA, 90 mM Tris-borate buffer, pH 8.3, 0.02% bromphenol blue, and 0.02% xylene cyanol) and analyzed by denaturing (8 M urea) 25% polyacrylamide (19:1) gel electrophoresis (45 mM Tris, pH 8.3, 1.25 mM EDTA, 45 mM boric acid). To remove the NTP accumulated from pyrophosphorolysis, 1 μL of apyrase (50 milliunits) was added to 100 μL of reaction mixture containing 50 nM EC.
Exonuclease III Footprinting. Exonuclease III digestion was performed as described previously. 22 ECs were assembled with TthRNAP by annealing appropriate oligonucleotides as described above. Either the template or nontemplate DNA strand was 5′-end-labeled with 32 P. The nonlabeled DNA strand in the scaffold contained phosphothioate linkage at the 3′ penultimate position to inhibit cleavage of that strand by ExoIII. ExoIII digestion was initiated by addition of 100 U of ExoIII to ECs (44 μL) at 37°C. Aliquots were removed at the indicated times and stopped with the addition of an equal volume of 2X stop buffer. Products of the reaction and G + A nucleotidesequencing reaction 26 of the same DNA fragment were analyzed by denaturing 15% polyacrylamide gel electrophoresis.
Intrinsic Transcript Cleavage Assay. ECs were reconstituted in 20 mM Tris·HCl, pH 9.0, 20 mM NaCl, 0.1 mM EDTA by incubating TthRNAP with nucleic acid scaffolds at 37°C for 15 min as described above. The cleavage reaction was initiated by the addition of MgCl 2 to 20 mM and incubated at 37°C. At the indicated times, aliquots were removed, and samples were processed as for the pyrophosphorolysis assay.
Data Quantitation and Analysis. Gels were exposed to phosphorimager screens, scanned using a Typhoon PhosphorImager, and quantitated using the ImageQuant Software (GE Healthcare). The 9 nt RNA present in each lane was quantitated as a fraction of the total RNA in each lane ( Figure 3 ) and corrected for the fraction remaining in the chase lane. The rate of pyrophosphorolysis was then determined as described below.
Estimation of Rates and Kinetic Modeling. To calculate the apparent rate of pyrophosphorolysis of 16 different variants in Table 1 , we determined rapid decay of 9 nt RNA by fitting the fraction of 9 nt (Figure 3 ) using eq 3. A simple reversible mechanism of pyrophosphorolysis was used in the fitting for simplicity. (1) The overall rate of pyrophosphorolysis (eq 1) is given by (2) Integration between t = 0 and t = t at concentrations [EC9] 0 and [EC9] gives (3) The values of k 1 and k −1 for 16 ECs are summarized in Table 1 , and the rate constant (k 1 ) of 16 ECs was used to generate a plot in Figure 3C . (Table S1 ). ECs (50 nM) were incubated with 0.5 mM pyrophosphate at 60°C and disappearance of the 9 nt RNA measured at the times indicated in the inset. +NTP, UTP (1 mM) was added at the end of the time course to confirm that the unreacted EC9 CU remained active and could extend the RNA 1 nt by UMP incorporation. Errors are SD from three independent experiments. Data were fit to a simple reversible mechanism of pyrophosphorolysis (eq 3; see Materials and Methods). A value for k 1 that approximated the initial rate of pyrophosphorolysis (0.29 ± 0.04 min −1 ) and a final fraction of pyrophosphorolysed transcript (PPisensitive fraction, remaining 9-nt RNA/total RNA = 0.74 ± 0.03) were determined by nonlinear regression. (B) Quantitative analysis of pyrophosphorolysis of EC9 CG , which favors the posttranslcated state. The experiment was performed identically to that shown in panel A except that Tth EC9 CG was reconstituted from tDNA #6062, ntDNA #5848, and RNA #6045 (Table S1) The fraction remaining EC9 was plotted as a function of time ( Figure S4 ). Since we included apyrase (Apy) in these reactions, we modified reaction 1 and included the rate of apyrase action (reaction 4).
We then estimated initial rates of pyrophosphorolysis by fitting the [EC9] versus time at different [PPi] to mechanism 4 using the program KinTek Global Kinetic Explorer, 27, 28 with diffusion-limited NTP binding (k −2 = 6000 μM −1 min −1 ) a dissociation rate to give a K NTP of ∼55 μM (k 2 = 330 000 min −1 ). 29 At the resulting NTP concentrations, reported kinetic values for apyrase were consistent with NTP degradation becoming rate limiting for overall pyrophosphorolysis (diffusion-limited k 3 = 6000 μM
). The concentration of apyrase, which varied somewhat due to the error in small-volume pipetting, was allowed to float. The initial rate (k 1 ) of pyrophosphorolysis of EC9 GU was obtained using these simulations and plotted versus [PPi] ( Figure 8B ). Because it was too slow for the apyrase reaction to become rate limiting, the pyrophosphorolysis rate of EC9 UG was determined by nonlinear regression assuming a pseudo-first-order reaction and plotted versus [PPi] ( Figure 8B) .
To obtain the kinetic simulation graph depicted in Figure 9B , the arbitrary kinetic parameters shown in Figure 9A were used. The synthetic rate of pyrophosphorolysis for prefavored EC and that of postfavored EC over a wide range of PPi concentrations were generated using KinTek Global Kinetic Explorer. The predicted values were used to construct complete curves by nonlinear regression to a hyperbola ( Figure 9B ).
■ RESULTS RNA 3′ Sequence, Not an 8-bp vs 9-bp Hybrid, Primarily Controls Translocation Bias. We first investigated the relationship between 8-bp vs 9-bp hybrids, transcript sequence, and translocation register using minimal scaffolds that eliminate effects of transcription bubble energetics on translocation bias and sequences that led Kashkina et al. 31 to suggest that the pre-or posttranslocated registers were favored by 8-bp or 9-bp hybrids, respectively. We reconstituted ECs using T. thermophilus RNAP (TthRNAP) on scaffolds that differed either by hybrid length or by 3′ trinucleotide sequence and then assessed translocational bias by measuring the rates of pyrophosphorolysis for each scaffold ( Figure 2 ). We observed the same difference reported by Kashkina et al. 31 between the sensitive 8-bp hybrid scaffold EC8 GAU (superscript indicates the 3′-proximal RNA sequence in the EC) and the resistant 9-bp hybrid scaffold EC9 AUA ( Figure 2B ). However, when we examined pyrophosphorolysis of ECs in which the 3′ RNA sequences of 8-bp and 9-bp hybrid were swapped, we found that EC8
AUA was resistant to pyrophosphorolysis whereas EC9 GAU was sensitive to pyrophsophorolysis. In other words, both EC8
GAU and EC9 GAU appear biased toward the pretranslocated state, whereas both EC8 AUA and EC9 AUA appear biased toward the posttranslocated state. This result strongly suggests that the RNA 3′ sequence in the sensitive 3′-proximal GAU and resistant 3′-proximal AUA is the dominant determinant of translocation bias relative to any effects of 8-bp vs 9-bp hybrids.
RNA 3′-Dinucleotide Dictates Translocation Bias. Given the dominant effect of the 3′-proximal sequence on pyrophosphorolysis, we next sought to determine which RNA 3′-dinucleotides are most and least sensitive to pyrophosphorolysis (presumably corresponding to the most and least biased toward the pretranslocated register). To accomplish this test, we generated 16 different ECs in which the 3′ dinucleotide sequence was varied to create all possible combinations, again using minimal scaffolds to avoid effects of transcription bubble energetics. When we tested pyrophosphorolysis in the 16 different ECs, we noticed that they exhibited differences not only in the rate of pyrophosphorolysis but also in the fraction of ECs in which the RNA that was shortened (e.g., compare EC9 CG and EC9 CU ; Figure 3A ,B). Incomplete RNA shortening was not due to incomplete reconstitution of ECs because addition of cognate NTP resulted in extension of all 9mer RNA (+NTP lane; Figure 3A ,B). Rather, we suspected (and later confirmed; see below) that incomplete pyrophosphorolysis reflected equilibration of pyrophorphorolysis with the reverse reaction of nucleotide addition as the concentration of NTP Figure 3C ). For any given penultimate RNA nucleotide, both the rate of pyrophosphorolysis and the equilibrium fraction yielded the same order of sensitivity to pyrophosphorolysis for the 3′-terminal nucleotide: U > C > A > G. Interestingly, 3′-penultimate nucleotide gave the inverse order of effects on sensitivity to pyrophosphorolysis: G > A > C > U. In general, faster pyrophosphorolysis rate correlated with a larger sensitive EC fraction ( Figure 3C ). These data are consistent with preferential interaction of G > A > C > U in the product (i) subsite and U > C > A > G in the NTP-binding (i + 1) subunit (see Discussion).
RNA 3′ Dinucleotide Effects on Pyrophosphorolysis Are Evolutionarily Conserved. To investigate whether similar effects of RNA 3′ dinucleotides would be observed in ECs reconstituted with other multisubunit RNAPs, we compared ECs reconstituted on the most and least sensitive scaffolds (EC9 GU and EC9 UG , respectively) with Thermus thermophilus RNAP (TthRNAP), Escherichia coli RNAP (EcoRNAP), Saccharomyces cerevisiae RNAPII (SceRNAPII), and calf thymus (Bos taurus) RNAPII (Bta RNAPII). For all four sources of RNAP, EC9
GU was sensitive to pyrophosphorolysis and EC9 UG was resistant (Table 2 and Figure S1 ). We also confirmed that incomplete pyrophosphorolysis was not due to incomplete reconstitution of ECs by the addition of cognate NTP, which resulted in extension of all 9-mer RNA (+NTP lane; Figure 3A ,B; C lane; Figure S1A ,B) Thus, the same RNA 3′ dinucleotide characteristics appear to control translocation bias for evolutionarily diverse multisubunit RNAPs.
NTP Accumulation Causes Incomplete Pyrophosphorolysis. We assumed that incomplete pyrophosphorolysis (e.g., Figure 3 ) could be explained by reverse-reaction (nucleotide addition) with NTPs generated during pyrophosphorolysis because the K NTP is low and nucleotide addition is fast (k cat ≈ 103 s −1 ; refs 29 and 32). To test this hypothesis, we examined pyrophosphorolysis of EC9 GU (Table S1 ) in the presence of apyrase. Apyrase rapidly hydrolyzes NTPs to NDPs. 30 We used EcoRNAP instead of TthRNAP for these experiments because the optimal temperature for apyrase is 30°C, a temperature at which TthRNAP is relatively inactive. Eco EC9 GU exhibited sensitivity to pyrophosphorolysis similar to TthEC9
GU , but with a higher unreacted fraction (∼65% vs ∼30%; compare Figure 4A to Figure 3C ). If the 65% unreacted fraction was due to reverse-reaction with NTP, addition of apyrase should shift the reaction toward completion. Consistent with our hypothesis, addition of apyrase at the beginning of the reaction eliminated the plateau at partial completion and gave a pseudofirst-order rate of 0.016 ± 0.001 min −1 for the most of reaction ( Figure 4A ). Addition of apyrase after the plateau had been achieved (at 60 min) caused resumption of pyrophosphorolysis, unambiguously establishing that incomplete reaction reflected GU reconstituted using E.coli RNAP and the pretranslocation favoring scaffold (#6063, #5848, #6046; Table S1 ). Eco EC9 GU (50 nM) was incubated at 37°C with 0.5 mM PPi alone (red), in the presence of 0.5 U apyrase/mL (blue), or with addition of apyrase to 0.5 U/mL 60 min after the reaction was initiated (green) for the time indicated. Samples were removed at the times indicated and the fraction EC9 GU remaining was plotted as a function of time. The error bars represent standard deviations obtained from four different experiments. The data from reaction without apyrase (red) are fit to a simple reversible mechanism of pyrophosphorolysis (eq 3; see Materials and Methods), whereas data from reaction with apyrase (blue) are fit to a single exponential for a pseudo-first-order reaction. (B) Fraction of Eco EC9 GU and Eco EC9 UG resistant to pyrophosphorolysis at 0.5 mM PPi in the absence (gray) or presence (black) of apyrase. GU is equal to the reverse flux from 20 nM UTP + 20 nM Eco EC8 G . We noted, however, that at later times in the reaction (after ∼2 h) the equilibrium in the absence of apyrase was replaced by further pyrophorphorolysis and the rate of pyrophosphorolysis in the presence of apyrase slowed, most likely because one or more reaction components degraded upon prolonged incubation.
We next tested whether the resistance of EcoEC9 UG to pyrophosphorolysis could possibly be explained by an exceptionally low K GTP for the EcoEC8 U + GTP reaction. To test this possibility, we performed pyrophosphorolysis of EcoEC9 UG in the presence of apyrase in parallel to reactions in which apyrase made pyrophosphorolysis of EcoEC9 GU go to completion. Although we observed the expected shift in EcoEC9 GU completion, no reaction of Eco EC9 UG was observed even in the presence of apyrase ( Figure 4B and Figure S2A ). We verified that apyrase effectively destroyed NTPs by preincubating 200 nM UTP with apyrase under the same conditions used for pyrophophorolysis, then adding Eco EC9 UG , and observing that elongation occurred only when apyrase was omitted ( Figure  S2B ). We concluded that the resistance of EcoEC9 UG to pyrophosphorolysis is an inherent property of EcoEC9 UG , most likely a strong preference for the posttranslocated register, and not to a strong reverse reaction of EcoEC8 U with GTP. Effects of RNA 3′-Dinucleotide Sequence on Pyrophosphorolysis Were Preserved on a Complete Nucleic Acid Scaffold. We used minimal nucleic acid scaffolds in initial experiments to avoid complications from transcription bubble energetics. To test whether the strong effects of RNA 3′ dinucleotide sequence persisted on complete scaffolds containing fully cDNA strands, a transcription bubble, and upstream and downstream duplexes, we tested complete-scaffold versions of the PPi-resistant EC9 UG and the PPi-sensitive EC9 GU reconstituted ECs with TthRNAP or EcoRNAP ( Figure 5A and Table S1 ). Similar to the minimal scaffolds, Eco EC9 UG (<0.002 min −1 ) and Tth EC9 UG (0.12 ± 0.04 min −1 ) were less sensitive to pyrophosphorolysis than EcoEC9 GU (0.034 ± 0.004 min −1 ) Figure 5 . ExoIII footprints of Tth EC9 GU (pretranslocated) and Tth EC9 UG (posttranslocated). (A) Schematic of the complete scaffold used for exoIII footprinting experiments. The sizes of the template DNA (upstream) and the nontemplate DNA (downstream) fragments protected by RNAP from digestion by ExoIII are illustrated. For the nontemplate strand assay, the nontemplate strand contained a 5′ 32 P label and the template strand contained a 3′ phosphorothioate bond. For template strand assay, the template strand contained a 5′ 32 P label and the nontemplate strand containing a 3′ phosphorothioate bond. (B) Pyrophosphorolysis results of EC9 GU and EC9 UG on complete scaffolds used for ExoIII footprinting experiments. The RNA and template DNA (GU: #6046, #6355; UG: #6053, #6357; Table S1) were first annealed, then mixed with TthRNAP, and then annealed to the nontemplate strand (GU: #6354; UG: #6356; Table S1 ; see Materials and Methods). ECs (50 nM) were incubated with 0.5 mM PPi at 60°C. The initial rate of pyrophosphorolysis (k 1 ) and the fraction resistant to pyrophosphorolysis were determined as described in
Materials and Methods. (C) Upstream ExoIII footprinting (left) and downstream ExoIII footprinting (right) of EC9
GU and EC9 UG . Plot on the left depicts the appearance of the nontemplate DNA −14 band, which should be faster when the pretranslocated register is favored. Plot on the right depicts the appearance of the template DNA +12 band, which should be faster when the posttranslocated register is favored. and Tth EC9 GU (1.7 ± 0.1 min −1 ) ( Figure 5B ). In contrast to the minimal scaffolds, however, both Eco EC9 UG and TthEC9 UG exhibited measurable rates of pyrophosphorolysis. We also tested the effects of apyrase on the complete scaffold version of Eco EC9 GU and verified that apyrase addition caused the 40% unreactive EcoEC9 GU to complete pyrophosphorolysis ( Figure S3 ). We drew two conclusions from these results. First, pyrophosphorolysis is faster in ECs reconstituted with complete scaffolds than in those with minimal scaffolds. This could reflect a greater bias of complete vs minimal scaffolds toward the pretranslocated register for these specific complexes or a lower activation barrier to formation of the trigger helices in the presence of an intact fork junction (trigger helices formation strongly stimulates the rate of pyrophosphorolysis). 32, 35 Second, faster pyrophosphorolysis and presumably greater bias toward the pretranslocated register for the RNA 3′dinucleotide GU vs UG occur on both minimal and complete scaffolds.
Biochemistry
Direct ExoIII Footprinting Confirmed Translocation Bias Due to RNA 3′ Dinucleotide Sequence. To verify that the differences in pyrophosphorolysis sensitivity were due to differences in translocation register and not to inherent differences in the chemical reactivities of RNA 3′ dinucleotides with PPi or to sequence-specific effects of the RNAP catalytic center on pyrophosphorolysis, we assayed translocation register using the independent criterion of exonuclease III (ExoIII) footprinting. 31, 33, 34 ExoIII is a double-strand-specific deoxyribonuclease that processively digests a single-strand of DNA from the 3′ end and detects the boundary of RNAP on DNA when bound RNAP inhibits access of the ExoIII active site to the DNA phosphodiester backbone. Because RNAP may be in rapid oscillation between pre-and posttranslocated registers and because ExoIII exhibits some sequence specificity in cleavage rates, assessment of translocation register with ExoIII requires measuring the rates of ExoIII digestion rather than arbitrary reaction end points. 34 We determined the upstream and downstream ExoIII boundaries for Tth EC9 GU and Tth EC9 UG reconstituted on complete scaffolds ( Figure 5A ). On this scaffold, an EC with greater pretranlocation bias will exhibit a greater barrier to ExoIII digestion of −15 to −14 on the template strand and a weaker barrier to ExoIII digestion of +13 to +12 on the nontemplate strand ( Figure 5A ). The upstream footprint slowly shifts one bp downstream in both Tth EC9 GU and TthEC9 UG , but the Tth EC9 GU presents a stronger barrier that results in an initial lag in the rate of the shift and a difference in the final distribution of DNA fragments ( Figure 5C ). This is consistent with the hypothesis that Tth EC9 GU was more biased in the pretranslocated direction than TthEC9 UG . A different effect was observed during ExoIII digestion of downstream DNA, with the initial rates of digestion being similar, but Tth EC9 UG posing a stronger barrier as the reaction progressed. This result also is consistent with Tth EC9 GU being more pretranslocated than TthEC9 UG . These ExoIII footprinting assays are less clear-cut than one might hope, but the consistent pattern of effects strongly support the interpretation that RNA 3′ GU more favors the pretranslocated register than RNA 3′ UG.
EC9 UG Resistance to Pyrophosphorolysis Was Not Caused by Backtracking. Although our results strongly favored the idea that EC9
UG is biased toward the posttranslocated register, we wished to rule out the alternative possibility that EC9
UG is backtracked and therefore resistant to pyrophosphorolysis. To this end, we performed hydrolytic transcript cleavage in Tth EC9 UG reconstituted on a minimal scaffold. The transcript hydrolysis (i.e., intrinsic cleavage) reaction cleaves nascent RNA at the phosphodiester bond located in the RNAP active site so that a pretranslocated EC yields a 1-nt 3′ cleavage product and a backtracked EC yield a larger 3′ cleavage product ( Figure 6A) ; the hydrolysis reaction is faster at elevated pH and high Mg 2þ concentration.
3,35−37
We first generated TthEC9 UG and Tth EC9 GU in transcription buffer at pH 9 lacking Mg 2þ and then initiated transcript GU . Tth EC9 GU was reconstituted using TthRNAP and the pretranslocation-favoring scaffold (#6063, #5848, #6046; UG , whereas Tth EC9 GU generated the 1-nt cleavage product expected for a pretranslocated EC ( Figure 6B,C) . We confirmed that these ECs were fully reconstituted and active by extending the transcripts from 9 to 10 nt by incubation with UTP ( Figure 6D ). Further, cleavage products were not observed when RNAP was omitted (no enzyme control; Figure S5 ). The absence of cleavage products >1 nt is consistent with strong preference of the RNA 3′ GU dinucleotide for the pretranslocated register relative to the GG dinucleotide that would occupy the active site if the EC were to backtrack by 1 bp. We concluded that TthEC9 UG is not backtracked and that the simplest explanation for its resistance to pyrophosphorolysis is bias toward the posttranslocated register.
Inhibiting Forward Translocation with Extended Hybrids Makes EC9
UG PPi-Sensitive. We reasoned that if bias toward the posttranslocated register in EC9
UG rather than an inherently slow catalytic reaction explained its pyrophosphorolysis resistance ( Figure 7A ), then it might be possible to increase the rate of pyrophosphorolysis by increasing the length of the RNA:DNA past 9 bp. A longer hybrid, especially one with GC-bp at the upstream end, should be harder to melt and thus be shifted toward pretranslocated register to fit the longer hybrid within the RNAP main channel. To test this prediction, we used EcoRNAP to allow use of apyrase (to reduce potential interference from reverse nucleotide addition) and measured pyrophosphorolysis of Eco EC9 UG , Eco EC10 UG , and Eco EC11 UG reconstituted on minimal scaffolds ( Figure 7B ). These scaffolds use the same 11-nt, 3′-UG RNA and differ only in potential hybrid length due to changes in the 3′ portion of the template strands, which are 3′-GCC··· for EC9 UG , 3′-CGCC··· for EC10 UG , and 3′-CCGCC··· for EC11 UG . In agreement with the idea that pyrophosphorolysis resistance of EC9 UG reflects translocation bias, EC10 UG exhibited increased sensitivity to PPi and EC11 UG exhibited a greater increase in sensitivity to PPi ( Figure 7C ). To confirm that longer hybrids inhibit forward translocation, we also performed hydrolytic transcript cleavage in Eco EC9 UG and EcoEC11 UG . As expected, Eco EC11
UG generated a two-nt 3′ cleavage product, which indicated that forward translocation is hindered in this EC, whereas Eco EC9 UG gave little cleavage product ( Figure S5 ). These results are inconsistent with inherence resistance of the 3′-UG dinucleotide to pyrophosphorolysis but consistent with the view that posttranslocation bias confers PPi resistance on EC9
UG . Pyrophosphorolysis of EC11 UG was noticeably biphasic. This could either reflect structural heterogeneity in the elongation complexes or an inability of apyrase to hydrolyze NTPs rapidly at the concentrations generated in this experiment.
We note that the 2-nt cleavage interval observed for Eco EC9 UG and Eco EC11 UG ( Figure S5 ) differs from the 1-nt hydrolytic cleavage interval observed for Tth EC9 GU ( Figure 6 ). This could reflect, at least in part, differences in Eco and Tth RNAPs. However, it is notable that our analysis of RNA 3′ dinucleotide effects on pyrophosphorolysis ( Figure 3C and Table 1 ) suggested that the UG dinucleotide disfavors the pretranslocated register. Upon a 1-nt backtrack, the active site of EcoEC9 UG and Eco EC11 UG would be occupied by the GU dinucleotide that appears to favor the pretranslocated register. Thus, the observed difference in hydrolytic cleavage intervals is consistent with favorable interactions of the GU dinucleotide and unfavorable interactions of the UG dinucleotide in the pretranslocated active site.
PPi Concentration Dependence of Pyrophosphorolysis Is Inconsistent with Ordered Translocation and PPi Binding and Effects of 3′ Dinucleotide Only on Translocation Bias. A simple model in which rapid translocation equilibrium is linked to PPi binding to the pretranslocated EC ( Figure 7A ) predicts that increasing PPi concentration should reduce occupancy of the posttranslocated state. Indeed, studies of the single-subunit polymerases HIV-1 reverse transcriptase and T7 RNAP show that binding of PPi or the PPi-analogue foscarnet does shift the translocation bias toward the pretranslocated state, suggesting these singlesubunit polymerases adhere to the predictions of this simple model. 38, 39 If such a model operates for multisubunit RNAPs and if all the effects of RNA 3′ dinucleotide sequence are on translocation bias, then a greater posttranslocation bias should increase apparent K PPi by reducing the fraction of time the RNA is shown in red; template and nontemplate DNA strands are in black. The 9-bp, 10-bp, and 11-bp potential RNA:DNA hybrid are created by varying the length of template DNA without changing the length of the 11-nt RNA (the template DNAs in 9-bp, 10-bp, and 11-bp hybrids end at the positions marked with a black line, a green, or a blue line, respectively). RNA was labeled with 32 P at its 5′ end (*). (C) Plot of pyrophosphorolysis of ECs reconstituted with EcoRNAP and different scaffolds shown in Figure 6B . ECs were incubated with 0.5 mM PPi, 0.5 U apyrase/mL at 37°C for the times indicated. Representative gel panels for EC9 UG (9-bp hybrid) and EC11 UG (11-bp hybrid) are shown in the inset. "C", chase lane in which ECs were chased with 1 mM UTP at the end of pyrophosphorolysis time course (after 3 h). pretranslocated state is available to bind PPi. Thus, in this scenario, EC9
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UG should undergo pyrophosphorolysis if incubated at a high [PPi] and it should exhibit a higher apparent K PPi than EC9 GU (e.g., Figure 8A ). To investigate this prediction, we sought to measure the PPi concentration dependence of pyrorophosphorolysis for EC9 UG and EC9 GU using EcoRNAP and complete nucleic acid scaffolds ( Figure 5A and Figure S4 ). Although we included apyrase in these reactions, we found it was not possible to obtain accurate kinetic data at low or high PPi concentrations. At low PPi concentration, the background rate of intrinsic transcript hydrolysis prevented detection of slow pyrophosphorolysis ( Figure S4 ). At high PPi concentration, the reactions of EC9 GU became biphasic ( Figure S4 ). The biphasic kinetics could be explained by structural heterogeneity of the reconstituted ECs or by an inability of apyrase to degrade NTPs rapidly at very low NTP concentration (or the combination of both; Figure S4 ). We favor the latter view but were unable to establish it conclusively.
Since complete kinetic profiling of pyrophosphorolysis proved difficult, we instead estimated initial rates of pyrophosphorolysis by fitting the relative [EC9] at different [PPi] using the mechanism 4 in the program KinTek Global Kinetic Explorer (see Materials and Methods). These calculations yielded estimates of initial rates that saturated at ∼0.08 min −1 for EC9 GU and ∼0.003 min −1 for EC9 UG ( Figure 8B ,C). Although these data could suggest that the intrinsic rate of EC9 UG is inherently slow even at saturated PPi, such a conclusion is inconsistent with the observation that EC11 UG reacts rapidly with even 0.5 mM PPi (>0.04 min −1 , Figure 7C , vs <0.002 min −1 for EC9 UG , Table 2 ). Further, the apparent half-maximal concentration of PPi (K PPi app ) was actually lower for EC9 UG (0.1 ± 0.02 mM) than for EC9 GU (0.5 ± 0.1 mM) ( Figure 8B,C) . Taken together, these results are inconsistent with a simple model in which a rapid equilibrium of pre-and posttranslocated states is coupled to PPi binding to the pretranslocated EC and in which posttranslocation bias completely explains the pyrophosphorolysis of EC9
UG . Such a model (e.g., Figure 7A ) predicts a roughly 75-fold greater K PPi app for EC9 UG vs EC9 GU to account for the 30-fold faster observed rate of pyrophosphorolysis at 0.5 mM PPi ( Figure 8A ).
These results led us to ask if it is possible to explain the observed rates of pyrophosphorolysis for EC9 UG and EC9 GU if translocation and PPi binding were not ordered events, that is, if PPi could bind to either the pre-or posttranslocated EC. Although PPi release has been postulated to cause translocation at least in single-subunit RNAPs, 40 we are unaware of data establishing the order of PPi release and translocation for multisubunit RNAPs. To evaluate the consequences of a random order for translocation and PPi binding/release, we considered the hypothetical reaction scheme in which PPi can bind to pre-and posttranslocated ECs ( Figure 9A ). We considered only the simplest version of such a mechanism in which pre-and posttranslocated ECs bind PPi with equal Figure 6A and Figure 1 affinity and in which the translocation equilibrium is unaffected by PPi binding. Even with these constraints, we found that the random-order mechanism yielded predictions that were remarkably similar to our observed data by assuming a 50× pretranslocation bias for EC9 GU and a 50× posttranslocation bias for EC9 UG ( Figure 9B ,C). We draw no conclusion about the actual translocation equilibria in EC9 UG and EC9 GU from this prediction, given the arbitrary constraints introduced to simplify modeling and the lack of comprehensive kinetic data. Rather, we conclude that a mechanism involving random order of PPi binding and translocation can, in principle, generate rates of pyrophosphorolysis that match those we observed.
■ DISCUSSION
Our investigation of the mechanistic basis of translocation bias uncovered basic effects of RNA:DNA hybrid sequence that appear universal among multisubunit RNAPs. As such, they provide insight into how RNAP interacts with the nucleic acid scaffold in an EC that will be generally applicable to understanding the regulation of transcript elongation. Additionally, our findings uncovered preliminary evidence that highlights the need for experiments that establish the order of translocation and PPi release/binding in the nucleotide addition cycle.
RNA 3′ Dinucleotide Sequence Strongly Influences Translocation Bias. Our central findings are that the RNA 3′ dinucleotide sequence has a major effect on bias of ECs between the pre-and posttranslocated registers and that this effect is conserved from bacterial to mammalian RNAPs. This translocation bias was evident in both the initial rate of pyrophosphorolysis and the point at which product inhibition (buildup of NTP) caused the EC 9 and EC 8 species to equilibrate. The rate-limiting step in pyrophosphorolysis appears to be folding of the trigger loop into the trigger helices, as proline substitutions that block folding decrease the rate of pyrophosphorolysis by a factor of ∼200. 35 Thus, we also needed to consider the possibility that different 3′ dinucleotides could affect trigger loop folding and give rise to the differences in the rates pyrophosphorolysis rather than being attributable to translocation bias. This concern was heightened by our finding that the rates of pyrophosphorolysis differed between EC9 GU and EC9 UG even at saturating PPi (Figure 8 ). Although we cannot exclude differences in k cat as contributing factors in the observed differences in pyrophosphorolysis rate, three arguments favor a dominant contribution of translocation bias. First, the strong inhibition of pyrophosphorolysis observed in EC9 UG was dramatically lessened when the RNA:DNA hybrid was overextended to 11 bp, presumably because the longer hybrid favored the pretranslocated register through steric clash between the upstream end on the hybrid and the wall of the hybrid-binding cleft ( Figure 7) . Second, an independent measure of translocation bias, exoIII footprinting, also detected a pretranslocation bias of EC9 GU vs EC9 UG ( Figure 5 ). Third, an effect of RNA sequence on pyrophosphorolysis rate was also observed for the 3′-penultimate position of the RNA (G > A > C > U). It is not obvious how the 3′-penultimate base would directly affect folding of the trigger loop during catalysis (unlike for the 3′ base, which contacts the trigger helices), whereas these effects are easily rationalized by differences in contacts to active-site side chains that could favor or disfavor positioning nucleotide in the i site. It is notable in this regard that the order of effects of the penultimate nucleotide is the reverse of the order of effects of the 3′-nucleotide on pyrophosphorolysis rate (U > C > A > G). This inverse relationship is consistent with a preference for binding of G > A > C > U in the i site and a preference for binding of U > C > A > G in the i + 1 site.
Although our results favor a dominant contribution of 3′-dinucleotide sequence to pyrophosphorolysis, we do not mean to suggest that hybrid length makes no contribution. Indeed, we observed a strong effect of increasing pretranslocation bias of lengthening the hybrid past 9 bp. Our results disfavor the idea that an 8-bp hybrid necessarily favors the pretranslocated register, 31 but we note that a 8-bp hybrid may not be a state ordinarily observed in ECs. Crystal structures of both yeast and bacterial RNAP in a posttranslocated EC detect 9-bp hybrids, 41−43 whereas paused ECs thought to be in the pretranslocated register appear to contain a 10-bp hybrid. 25 A pretranslocated yeast RNAPII EC resolved only 9 nt of nascent RNA, leaving the hybrid length uncertain but consistent with 10 bp in the pretranslocated state. 44 We note that assays of translocation bias employed in our study are suboptimal in that they are all indirect. More robust assays based on cleavage of DNA from locally generated free radicals have been used to detect translocation states in T7 RNAP and in reverse transcriptase 38, 45 but have not yet been applied to multisubunit RNAPs. A direct assay of sequence length on translocation bias, for instance using fluorescence quenching, 46, 47 would also be desirable. In general, the paucity of good methods to assay translocation register/bias limits our understanding. Although pre-and posttranlocated registers are thought to equilibrate in halted ECs, we lack measurements of the rates of interconversion. Development of such methods for multisubunit RNAPs would significantly advance study of the regulation of transcript elongation.
PPi Binding May Not Be Tightly Coupled to Translocation Register. The relationship between PPi release (or PPi binding during pyrophosphorolysis) and translocation is one of the least well understood aspects of the nucleotide addition cycle catalyzed by multisubunit RNAPs. No structure of a multisubunit RNAP with bound PPi has been reported. Our attempts to reconcile pretranslocation bias of RNA 3′-GU relative to 3′UG with the apparently greater K PPi of 3′-GU for initial pyrophosphorolysis rate suggests that another possibility should be considered, specifically that PPi release (or binding) might occur in either a pre-or posttranslocated EC. There is no obvious structural impediment to PPi binding to a posttranslocated EC, unlike the obvious steric clash that would result from NTP binding to a pretranslocated EC. Even a highly constrained version of a model that allows random order of translocation vs PPi binding/release appears able to explain a lack of effect of 3′-dinucleotide sequence on apparent K PPi even while the sequence has a large effect on translocation bias. We suggest that this idea merits further investigation.
Translocation Bias May Contribute to Transcriptional Pausing. Transcriptional pausing is thought to arise initially by a structural rearrangement in the active site of a pretranslocated EC. 7, 8 Although the sequence and structure contributions to transcriptional pausing are complex and include structures in the exiting RNA, the sequence of the RNA:DNA hybrid, the bases in the active site, and the sequence of the downstream DNA duplex, 48−50 the RNA 3′ nucleotide has among the strongest effects. Pausing is favored by an RNA 3′ U or C. 48, 51 Thus, our finding that an RNA 3′ U or C exhibits a pretranslocation bias relative to an RNA 3′ A or G suggests a possible mechanistic basis for at least one component of the contribution of the 3′ nucleotide to pause proclivity. By increasing the fraction of time that ECs spend in the pretranslocated register prior to NTP binding, an RNA 3′ U or C may increase the probability that the EC isomerizes to a paused state and conversely decrease the probability of NTP binding. An increased probability of pausing at templates positions that favor the pretranslocated register is distinct from the proposed existence of "pretranslocated pauses". 12 In the mechanism we propose, the pretranslocated register increases the probability of an isomerization to an off-line paused state in a branched mechanism such that a fraction of RNAPs pause. The proposed "pretranslocated pause" is an online state in which the energetic barrier to formation of the posttraslocated state is so high that all RNAPs are delayed at the pause position.
The effect of RNA 3′ dinucleotide sequence on translocation bias may synergize with a G at −10 that also could favor the pretranslocated state by inhibiting hybrid melting at the upstream end. 25, 52 Thus, an important component of pausing may be a hybrid sequence that favors the pretranslocated state, thereby allowing isomerization into the paused state, and one way that regulators may influence pausing could be to affect translocation bias. TABLE S1 . Oligonucleotides used in this study FIGURE S1. RNA 3′ dinucleotide effects on pyrophosphorolysis are evolutionarily conserved FIGURE S2. Effect of apyrase on pyrophosphorolysis of EC9 UG FIGURE S3. Incomplete pyrophosphorolysis caused by NTP accumulation using a complete scaffold FIGURE S4. PPi-concentration dependence of pyrophosphorolysis of EcoEC9 GU reconstituted on a complete nucleic acid scaffold FIGURE S5. Extension of the RNA:DNA hybrid past 9bp shift translocation bias
